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PREFACE

Studies of the behavior of stabilized soils under repeated loading
were initiated at the University of California, Berkeley, in August,

1964, under Contract No. DA-22-079-eng-414 for the U. S. Army Engineer
Waterways Experiment Station (WES), Vicksburg, Mississippi. This work is
sponsored by the U. S. Army Materiel Command, DA Project No. 1-V-0-21701-
A-046-05.

Contract Reports No. 3-145, "Behavior of Stabilized Soils Under
Repeated Loading" are as follows. Report 1: "Background, Equipment, Pre-
liminary Investigations, Repeated Compression and Flexure Tests on Cement
Treated Silty Clay," December 1965, describes the studies for the period
17 August 1964 - 16 August 1965. Report 2: "Behavior in Repeated Flexure,
Frequency and Duration Effects, Fatigue Failure Analysis," September 1966,
describes the studies for the period 17 August 1965 - 16 August 1966.
Results of additional laboratory investigations conducted during the period
17 August 1966 - 16 August 1968 are presented and discussed in Report 3:
“Repeated Compression and Flexure Tests on Cement and Lime-Treated Buckshot
Clay, Confining Pressure Effects in Repeated Compression for Cement-Treated
Silty Clay," May 1969. Report 4: "Stresses and Deflections in Cement-
Stabilized Pavements," presents the results of measurements and theoretical
analyses of stresses and deflections developed in two prototype cement-
stabilized pavements as a result of repeated plate loadings. This work

was accomplished during the latter half of 1967 and 1968. Report 5:



"Performance Evaluation of Cement-Stabilized Soil Layers and its Rela-
tionship to Pavement Design," August 1972, describes the analysis of
data obtained at WES during 1963 and 1964 from field tests on four
sections of cement-stabilized soils to assist in the development of
design criteria and a design procedure for pavements containing soil
layers stabilized with small amounts of cement and to check the validity
of existing theory for prediction of behavior.

This report presents a framework for the design of cement-stabilized
layers utilizing the results of the investigations described in the
five previous reports as well as the results of studies of cement-
stabilized materials completed by other investigators during this same
period. To illustrate the basis for the procedure the results of the
previous studies in this investigation as well as the appropriate results
of other investigators are briefly summarized.

The investigation described herein was conducted under the supervision

of Professors James K. Mitchell and Carl L. Monismith of the Department

P i of Civil Engineering. Necessary analyses to develop the design curves

(Figs. 9 - 24) were performed by Mr. Peter Dzwilewski a graduate research

; assistant in Soil Mechanics.
The contract was monitored by Mr. W. L. MclInnis, Chief, Materiel

Development Division, under the general supervision of Mr. J. P. Sale,

W L 5 S PR Ao

Chief, Soils and Pavement Laboratory, WES. Contracting Officer was Col.

G. H. Hilt, C.E.
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SECTION I: INTRODUCTION

1. In 1964 an investigation, supported by the U. S. Army Corps
of Engineers, was initiated at the University of California, Berkeley,
to develop improved criteria for quality design of stabilized soils
and to develop an improved structural pavement design procedure using
such materials for military roads and airfields.

2. In these studies, the behavior of stabilized soils subjected to
simulated traffic loads has been of primary concern. Knowledge of such
response is not only of value to provide a check on criteria developed
by the Corps of Engineers (based on static tests), but also to provide
a basis for additional analyses of pavement structures within a theoretical
framework. This, in turn, can be used in the development of new pave-
ment thickness design procedures.

3. Previous reports in this series (Contract Report No. 3-145,
Reports 1-5, dated December 1965, September 1966, May 1969, October 1970,
and August 1972 respectively) have presented: (1) background information
for the study; (2) description of tests for establishment of appropriate
stabilization and test conditions for both a silty clay and a highly
plastic clay; (3) results of repeated compression and flexural tests on
cement-treated and lime-magnesium sulfate-treated soils; (4) analyses of
pavement sections using measured material properties and layered-system
elastic theory (to ascertain pavement thicknesses at which the treated
soil will satisfy the Corps of Engineers performance criteria without

traffic-load associated cracks developing in the pavement); (5) analyses
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of stresses and deflections induced by repeated plate loadings in

two prototype cement-stabilized pavements; and (€) analyses of
results from four test sections of cement-stabilized soil constructed
at the Waterways Experiment Station and trafficked under different
wheel loads.

4, Section II contains a summary of the completed investigations.
From these as well as studies by other investigators, references to
which are subsequently included where appropriate, an improved under-
standing of the resilient and fatigue properties of stabilized soils
has been developed. Also, it has been demonstrated that stresses and
deflections in stabilized soil pavements can be predicted successfully
using both elastic layer theory and a finite element analysis together
with material properties determined by repeated load tests*.

5. From this information a design procedure has been developed,

: the framework for which is illustrated in Fig. 1. Section III contains

G- e ke 203

a general outline of the procedure; much of the data which serve as the

basis for the design recommendations are included in the appendices.

Section IV contains the step-by-step procedure; comparisons of designs

* When using laboratory prepared samples of cement-stabilized materials,
the test data must be modified to reflect the difference between
laboratory-prepared specimens and samples of the same material mixed,

compacted and cured in the field (e.g., Wang, 1968).
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developed by the proposed procedure with existing methodology; and
sugges ted modifications which might be incorporated to improve and
refine the procedure as experience is developed.

6. Although the emphasis of this study has been placed on cement-
treated soils, the design method should have general application to

soils treated with other materials as well.
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SECTION II: SUMMARY OF PREVIOUS INVESTIGATIONS

7. As noted in the Introduction, this investigation has been con-
tinuing for about 10 years with results reported in five reports - the
most recent of which is dated August 1972. The previous studies can
be divided into three general areas:

a. Laboratory studies of cement and lime stabilized materials
under the action of short-duration repeated loads simulating

those applied by traffic.

jor

Field tests on prototype pavements containing cement-
stabilized layers using repeated load plate tests and
determining the applicability of appropriate theory to
predict the stresses and deformations observed in these
tests.

. Analyses of:

[2]

(1). cement-stabilized test sections constructed by the
Corps of Engineers at the Waterways Experiment Station
which had been subjected to actual traffic loading;

(2). pavement sections using measured material properties
and layered-system elastic theory to ascertain pave-
ment thicknesses at which treated soil will satisfy
the Corps of Engineers performance criteria without
cracks developing in the pavement.

8. This section contains a summary of the research completed on this

project in these three areas. A1l of these studies, as well as the
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results of other investigators, have assisted in the development of

the design procedure suggested in a subsequent section.

Laboratory Studies (Reports 1 through 5)

9. The laboratory studies have included repeated compression and

flexure tests on cement-treated and lime/magnesium sulfate-treated soil.

Four different soils treated with cement were tested:

c. Richmond Field Station silty clay (CL)

A summary of the soil properties prior to treatment is shiwn in Table 1.

. Vicksburg silty clay (CL)
b. Vicksburg buckshot clay (CH)

Table 1 Soil Properties

d. Mixture of sand and clay termed ESM (SM-SC).

Vicksburg | Vicksburg Richmond
Silty Buckshot |Field Station
Soil Clay Clay Silty Clay ESM
Liquid Limit 39.5 55.0 29.2 20.6
Plastic Limit 22.9 18.1 19.4 | 15.4
|
Plasticity Index 16.6 36.9 9.8 | 52
Specific Gravity 2.65 2.70 2.65 - 2,70
Unified Classification | CL CH cL . SM-SC
)|

10. Some of the principal findings which have influenced the proposed

design procedure are:
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Comparison of the behavior of cement- and lime-treated
soils under repeated compressive stresses indicates that
although the strengths of the different soils, as measured
by the CBR test prior to treatment and after a specified
curing period are the same, the behavior under repeated
loading may be different.

For the materials tested there appears to be a critical
curing time less than which beneficial effects are obtained
from repeated loading. This critical curing time depends,
however, on the type and amount of treatment. For example,
for treated buckshot clay the critical curing time is much
shorter for the specific cement treatment used than for a
lime-magnesium sulfate-treatment level investigated. Beyond
the critical curing time, for the materials investigated,
the resilient properties are relatively independent of the
number of load repetitions but are more dependent on curing
during repeated loading. The critical curing period also
appears to depend on the mode of loading, being shorter for
flexural than for compressive loading.

Resilient properties vary with changes in water content.
However, this variation is affected by soil type and treat-
ment. In the case of the buckshot clay, the influence of
water content is more significant when the buckshot clay is

treated with cement than with lime-magnesium sulfate. Such
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a conclusion might suggest that at times careful control

in placement conditions may be required to achieve a
specific level of materials response or that if the degree
of control required is not possible due to field limitations,
it may be desirable to consider another type of treatment
less sensitive to anticipated variations.

Stiffness and strength characteristics in flexure are
different than in compression for the materials investigated.
For example, the resilient modulus in flexure is greater than
in compression.

The stiffness characteristics of the treated silty clays,
particularly, are dependent on stress level although the
sensitivity to stress is less in flexure than in compression.
For repeated load compression tests, the stiffness (or
resilient modulus) at a particular curing time can be

expressed in an equation of the form:

My = FLI¥), (op or 04)¥2] (11-1)

where I is the first stress invariant, 9, and 04 are the
major principal and deviator stresses respectively, and k]
and kz are experimentally determined coefficients.

The unconfined compressive strength (U.C. strength) appears
to be a suitable correlating parameter for different

material properties:
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(1).

(2).

(3).

(4).

(5).

The effect of curing on U. C. strength of a cement-

stabilized soil can be expressed by:
_ D
(UC)D = (UC)Do + K log]0 IE; (11-2)

where (UC)D and (UC)Do are U.C. strengths after D

and Do days curing, respectively, and K is a constant
dependent on type of soil and cement content.

There is no effect of compaction delay on the strength,
provided water content and dry density remain the same
as for samples without compaction delay, and the delay
time does not extend beyond the start of permanent
hydration.

The U. C. strength of field undisturbed samples was
about 63% of that of laboratory mixed and laboratory
compacted samples. The percentage decreased with
increase of cement content. A significant part of
this difference was attributable to the effects of
different compaction methods.

A linear relationship was found between U. C. strength
and flexural strength. The flexural strength was in
the range of 25% to 35% of the compressive strength.
CBR values, determined both in the laboratory and in
the field, can be related to the unconfined compressive

strength of the cement-treated material.
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(6). For cement-stabilized soil, the compressive resilient

modulus, MRc’ can be expressed as:

Mac = K 9log) flo) (uc)" (11-3)

where Kc and n are constants dependent on material

and cement content, and g(od) and f(c3) are functions
of the repeated deviator stress and confining pressure,
respectively. The flexural resilient modulus, MRF

can be expressed as:

M = e+ (10)"UC) (11-4)

RF
where KF and m are constants dependent on type of

soil and cement content.

g. The factigue behavior of cement-stabilized soils can be

expressed by:

s=an? (11-5)

where S is the flexural stress level and a and b are constants

dependent on the material.

Prototype Pavement Tests (Report 4)*

other six percent.

11. Repeated-load plate tests were conducted on two 20 ft by 20 ft
by 8 in. thick pavement slabs of cement stabilized soil resting on a

clay subgrade; the one section contained three percent cement and the

This investigation demonstrated conclusively that

stresses and strains in cement-stabilized soil pavements resulting from

* Appendix C contains more detailed data on results of this phase of the

10
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repeated loads of short duration can be predicted using elastic layer
theory and finite element analysis together with material properties
determined from laboratory repeated-load tests on undisturbed specimens
taken from the test pavements.

12. It was also observed that cement-stabilized soil specimens
mixed and compacted in the laboratory with the same density as the field
specimens exhibited higher stiffnesses than the field specimens. This
factor poses some difficulty in selecting appropriate values for use in

a preliminary design.

Pavement Analyses (Reports 2 and 5)

13. Analyses of two-layered pavements-cement stabilized sections

resting on untreated subgrades - suggest that:

a. Pavements stabilized to satisfy Corps of Engineers design criteria
will develop traffic stresses which exceed the flexural strength
of the stabilized layers. While cracking will occur, it does not
imply that performance would not be adequate for forward area
military operations, since in such situations, and for the
short design lives specified, the formation of cracks and even

the development of ruts may not impede the movement of vehicles.

jor

. The method of analysis for the probability of fatigue crack
formation for different strength, curing time, cement content,
and pavement thickness conditions suggested in Report 2 appears
useful to serve as the basis for a design procedure for pavements

containing stabilized layers. Moreover, an approach of this type

N
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which combines experimentally measured properties under one set
of conditions with theoretical analyses for the prediction of
stresses and properties under another set of conditions, is
potentially useful for the study of the effects of stabilized
soil quality variations on performance.
14. Performance analyses of the test sections at WES showed that:
a. A failure criteria could be defined according to the rut depth

in the test sections.

|

The equivalency between different wheel loads could be represented

by:

EWL = (2394-5 (11-6)

where EWL is the equivalent number of repetitions of wheel
load, P,, for one repetition of wheel load, P.

€. A linear relationship existed between pavement thickness and
log of number coverages at failure.

The effect of thickness on the performance was more significant

[-%

for low-strength subgrade than for high-strength subgrade.

The subgrade strength had less influence on the performance of

j®

thicker pavements than on that of thinner ones.

The higher the strength of the subgrade and the thicker the

Ice

pavement, the more pronounced the effect of the cement content

on the performance.

12
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g. For a given number of coverages, the required thickness of pave-
ment decreased significantly with increasing cement content up
to about 6% cement, but only minor improvement in performance
was obtained for cement contents higher than 6%.

Design curves for the test sections can be expressed in the

=

following terms:

T=FE. Rr)
or P (11-7)
T=Flp &
)

where T is the stabilized layer thickness, Sp is the unconfined
pavement strength, p is the tire pressure, r is the radius of the

loaded area, S_ is the unconfined subgrade strength, and R is the

s
ratio Sp/Ss.

Summar

15. In general, these results, as well as information developed
by other investigators, suggest the framework for a design procedure for
pavements containing stabilized layers. The studies conducted as a part
of this investigation indicate some of the material variables to be
considered, a means through the use of the unconfined compressive strength
of the stabilized material to establish reasonable material characteristics
necessary for the analysis, and the fact that layered elastic analysis
is a suitable procedure to represent the response of pavements to moving

wheel loads.

13
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16. The investigations also indicate that laboratory determined
properties may not be used without modification to represent the
behavior of the same material in-situ.

17. One of the most difficult questions to answer is concerned with
performance determinants. For example, how much cracking is tolerable
before the pavement is considered unserviceable. Analysis of the WES
sections have permitted a direct correlation between design parameters
and a measure of performance defined by the judgement of the WES staff
(influenced in a large measure by rutting observations). To make the
design procedure more generally applicable it is desirable to have some
relationship between specific forms of distress and performance,
for example the aerial extent of cracking and a measure of the ability
of the pavement to carry the traffic satisfactorily.

18. In the design procedure described in Section III, initial
cracking is considered to be the damage determinant. It must be
recognized that this is a conservative estimate of performance since
there will be an additional indeterminable number of load repetitions
which can be carried beyond the initial cracking. As a start, however,
and considering the other variables which will be incorporated into the
design framework, it appears worthwhile to detail what we consider an
“improved" design procedure, that is one which builds on the experience
acquired to date and, hopefully, extends the capability to design for

situations for which no experience exists.

14
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SECTION ITI: DESIGN SYSTEM

19, The pavement system for which the design procedure has been
developed consists of two layers -- a stabilized layer resting on a sub-
grade (Fig. 2)*. This type of system is representative of some military
roads in forward areas and of some airfield pavements in the theater of
operations. Although the design procedure presented herein is limited
to layers stabilized with portland cement the procedure is sufficiently
general so that lime-or asphalt-stabilized materials could be incorporated
in place of the cement-stabilized material if the required material
characteristics were available.

20. An outline of the procedure is illustrated by the flow diagram
shown in Fig. 1. The major factors controlling structural behavior of
cement-stabilized layers appear to be taken into account in this design
subsystem. In the procedure it is assumed that shrinkage cracking will
develop a short time after construction. After development of this type
of cracking, stresses due to shrinkage have been shown to be comparatively

small (Pretorius, 1970) and are, therefore, neglected in the analysis.

*The pavement system considered would also be applicable to sections
containing asphalt surface treatments or other thin surface layers that

contribute little or no load carrying capabilities to the pavement.

15
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21, Stresses considered in design are those resulting from traffic
loading and temperature fluctuations which, when compared to the
fatigue characteristics of the material, permit selection of a suitable
thickness.

22. The following sections briefly describe the various inputs

required and the design procedure.

Traffic Data (Block 1)

23. Characteristics of military vehicles and aircraft for which
design curves have been developed are summarized in Table 2 (Corps of
Engineers, 1963). In addition, corresponding data have been included
for an 18,000 1b. single axle (representative of conventional highway
loadings) and for the Boeing 747 aircraft. The characteristics included

in the table are used as input to the design procedure.

Pavement Temperature, Thermal Properties (Blocks 5, 6)

24, As a part of the design procedure, it is necessary to estimate
the distribution of temperature in the pavement section both with depth
and as a function of time. For cement-stabilized materials, temperature
distribution with depth influences thermal stresses which may be
developed. If an asphalt-bound layer were used, knowledge of the
temperature distribution with time and depth are important since the
stiffness of an asphalt mixture is dependent on temperature -- stiffness
in turn influences the development of stresses due to traffic loads.

25. Three procedures are available to estimate temperatures, all

based on a solution of a form of the heat-conduction equation in which

17
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temperature input is assumed independent of the x and y coordinates,

i.e.,
932-“-’= e 3@ (111-1)
-} k ot
where:
% = temperature field
¢ = specific heat of the material
k = thermal conductivity
y = unit weight of material
t=time
Z = depth

In one procedure equation (III-1) is solved in closed form (Barber, 1957)
while in the others numerical techniques, either finite difference
(Christison and Anderson, 1972) or finite element (Pretorius, 1970)

are used.

26. The Barber solution is recommended for use as a part of the
design procedure. A detailed summary of the procedure together
with justification for its use are presented in Appendix A.

27. In this method as well as in the finite element and finite
difference procedures, the thermal conductivity, k, and the specific
heat, c, for the materials being analysed are required. For asphalt-bound
materials (e.g., asphalt concrete) the available data indicate that the
thermal conducitivity is on the order of 0.7 BTU . ft/hr/ft2/F deg,
and the specific heat is on the order of 0.2 BTU/1b/F deg (Finn, 1967).

18
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28, Typical values of thermal conductivity for soil-cement using

different soil types are (HRB, 1961):

Soil Type Thermal Conductivity, k

Sandy soil 0.67
Silty soil 0.33
Clayey soil 0.31

29. Since the temperature distribution is not sensitive to wide
variations in k (Fig. A6,Pretorius, 1970), a value of k equal to
0.5 BTU - ft/hr/ftZ/F deg should be acceptable for most analyses. No
values could be found in the literature for the specific heat for
cement-treated soil, but a value for ¢ of 0.2 BTU/1b/F deg should be
= 0.22 and ¢

reasonable since ¢ = 0,16,

clay concrete
30. Absorptivity of the surface to solar radiation, b is also
required. For a black surface (e.g., asphalt concrete), b = 0.95
(Barber, 1957). No values of b were available for cement-treated soil,
but b = 0.65, which is the value for sand and gravel concrete (Barber,

1957), is considered to be appropriate for cement-treated soil

Pavement System (Block 3)

Geometry

31. Geometry of the pavement system is specified in terms of the
thickness of the cement-treated base, a semi-infinite subgrade layer
and an assumed distance between shrinkage cracks. A summary of crack

spacings reported in the literature is summarized in Appendix B.

19
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Based on these data, representative crack spacings of 20 ft for treated
granular materials and 10 ft for treated fine-grained materials were
; selected for design purposes.

Loading conditions

32. Loads are assumed to be applied to circular areas, the radii

T T e

of which are based on the contact areas and tire pressures shown in
Table 2.

33. In Appendix B it is demonstrated that edge-loading conditions
result in larger stresses than those occurring at the interior of a
slab. For convenience the layered elastic analysis (which assumes

interior loading) has been used,To account for the larger stresses

O WA SR TN TR T T e

resulting from edge loading, stresses computed for the interior condition
have been multiplied by a factor of 1.5.

Resilient elastic properties

34. For the analysis of layered systems, the modulus of elasticity

E, and Poisson's ratio, v, are needed for each layer. Due to the

Ry e S il

nature of the traffic loads, elastic properties determined by repeated
load tests are more representative than properties determined by static
loading. Although repeated load test data are desirable, such tests are

more difficult to perform than some of the more conventional tests and

the necessary equipment may not be available. Therefore, an effort

R SR e

was made in this study to correlate resilient elastic properties with

more readily measured characteristics.

35. Subgrade. The modulus can be obtained directly from a repeated

load triaxial compression test, by approximation from California Bearing

20



e *W—"*’m

TN T

P DI S,

RS BN o s Ry

¥ A AT REAN,

Ratio (CBR) test results, or by approximation from plate bearing test
results.

36. In the repeated load triaxial compression test, the sample is
subjected to a confining pressure and deviator stress that approximates
the expected in-situ state of stress. The test was first developed by
Seed and Fead (1960) and step-by-step procedures are available (Monismith
and MclLean, 1971).

37. Heukelom and Foster (1960) have suggested that the modulus
may be estimated from the CBR by the relationship:

E (psi) = 1500 CBR (111-2)
This is used by Shell (Dormon and Metcalf, 1965) as a part of their
pavement design procedure.
38. If the plate bearing value is available, the modulus can
be estimated from the correlation shown in Fig. 3 (Asphalt Institute,
1973). In this correlation the plate bearing value was determined using

the ASTM D 1195 procedure.

39. Alternatively, if no strength test data are available for the

usbgrade, an approximate modulus can be estimated from the FAA soil

classification as shown in Table 3 developed by the Asphalt Institute (1973).

Aﬁ.approximate relationship between the CBR and the FAA classification
is shown in Table 4*,
* Table 3 was in all proabability deduced from Table 4 and equation

I11-2.
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40, Poisson's ratio, v, for subgrades range from 0.5 for saturated
clays to 0.35 for sands. The structural analysis of a pavement system
is not sensitive to variation in the Poisson's ratio of the subgrade.
From a number of analyses it was found that for a decrease in Poisson's
ratio of the subgrade from 0.5 to 0.3, tensile strains in the cement-
treated base were reduced, but not by more than 10 percent. For thick
and stiff cement-treated bases,Poisson’'s ratio had essentially no
influence on tensile strains. Therefore, a Poisson's ratio of 0.5 is
recommended for the subgrade and is the value which was used to prepare
the design curves presented herein.

41. Cement-treated base. The resilient modulus of cement-treated

soils in flexure can be determined by subjecting beam samples to repeated
loading (Mitchell et al, 1965). This type of test is recommended for

use in this procedure because it duplicates field-loading conditions more
reasonable than other tests, although the effect of confining pressure

is not taken into account. If a flexure test is performed, the resilient
modulus in flexure, MRF’ can be approximated (assuming that confining
pressure has no effect) by the following equation (Mitchell, Ueng, and

Abboud, 1973):

Mor = Kp (10)™ " (111-3)
where:
Ke = material constant
= cement content (percent) by weight
m = 0.04 (10)-0.186C
UC = unconfined compressive strength

23
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42. A relationship between MRF and the unconfined compressive
strength is shown in Fig. 4 for Vicksburg silty clay treated with 3
percent cement. The material constant, KFf for this stabilized soil is
10,090.

43. Poisson's ratios for cement-treated soil have been reported in
the range from 0.1 to greater than 0.5 (Balmer, 1958; Fossberg, 1970;
Pretorius, 1970; Larsen et al, 1969; HRB, 1961). At working stress
levels, the data indicate that Poisson's ratio is generally in the
range of 0.1 to 0.2 for treated granular soils, independent of cement
content or curing time. Treated fine-grained soils generally exhibit
somewhat higher values, with a typical range of 0.15 to 0.35; although
Balmer (1958) reported values in the range of 0.1 to 0.15 for an A-4
soil (AASHO soil classification) at several cement treatment levels.

44, It should be noted, however, that the structural anslysis of the
pavement system is not sensitive to variations in the Poisson's ratio of
the cement-treated base. Hadley et al. (1972) reported that for a range
of Poisson's ratio, from 0.125 to 0.375, the maximum differences in
tensile stresses and strains were 15 percent and 8 percent, respectively.
Similarly, Fossberg (1970) reported that varying Poisson's ratio between
0.12 and 0.24 resulted in only an 11 percent variation in the maximum

tensile stress in the base.

*KF varies with cement content and soil type; see Report 5 in this

series.
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45. To develop the design curves presented here, a Poisson's ratio
of 0.15 was used.

Thermal properties

46. To calculate the thermal stresses caused by nonuniform tempera-
ture distributions, a coefficient of thermal expansion for the cement-
treated soil is required. Table 5 summarizes available experimental
data; these data provide a basis for selecting an appropriate value.

It would appear that a thermal coefficient of 5 x 10'6 in/in./ deg F

should be adequate for most analyses.

Traffic Associated Stresses and Strains (Block 4)

47. The design procedure presented herein is similar to that
developed by Shell (Dormon and Metcalf, 1965) in which the thicknesses
of the various components are selected to insure that critical stresses
and strains are maintained within limits set by analyses of test roads
and in-service pavements. To minimize the probability of fatigue crack-
ing in the cement-stabilized layer, tensile stresses and strains on the
underside of the layer are limited to values established from laboratory
test data.

48. The pavement is assumed to respond elastically to ascertain
the stresses and strains resulting from traffic loading. A summary of
two studies considered to justify this assumption is contained in

Appendix C.
49, Either multilayer elastic theory or the finite element procedure

can be used to estimate the stresses and deformations resulting from

26
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traffic loading. For a number of reasons including ease of computation
and minimal computer time, multilayer theory was selected. Some of the

assumptions associated with this solution are:

13
¥

' a. The pavement materials are elastic, isotropic, and homogeneous
within each layer.

b. Continuity exists between layers.

c. A1l layers are infinite in lateral extent.

50. The design curves were determined using the program developed
by G. Ahlborn of the University of California Berkeley and termed ELSYM 5.
This program permits computation of stresses, strains and displacements
for any chosen point in the pavement system. The pavement can have up
to five layers. Loads are applied to circular areas (one to ten in number)
with uniform contact pressures. To use this program the following input
data are needed:

Load configuratior and tire pressure or contact area.

|

. The modulus of elasticity and Poisson's ratio for each layer.

The thickness of each layer. The bottom layer (subgrade)

SEileg i b
¢
L
o |&
N

can either be semi-infinite or be underlain by a rigid base.

51. As noted earlier, to account for the increased stresses resulting

from loading at edge of the slab (at a transverse crack), the stresses

determined from the elastic layer solution were increased 50 percent.*

T AR R P AT

i *It is possible to solve the edge loading problem directly as noted in
Appendix B using the prismatic space finite element idealization. The
computer time (and therefore the cost) is large, however, thus making it

unattractive for routine design purposes.
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Thermal Stresses (Block 7)

52. Cement-stabilized layers may be subjected to thermal stresses
as are portland cement concrete pavement slabs. As these stresses
may amount to an appreciable percentage (30 to 50 percent) of the
traffic stresses (see Appendix D), they should therefore be considered
in design.

53. The procedure suggested by Bradbury (1938) for determining
stresses due to temperature differentials is recommended for use as
a part of this design procedure.

54. The curling (or warping) stress along the edge of the slab

is calculated by:

Oe =~ 7 — (I11-4)

while the stresses in the interior of the slab are calculated by:

C,+vC
_ Eat X y
o, = 3= - ] 5 (I11-5)
-V
C,+vC
Eat X
= . -6
Oy —2— -‘L]—.—vz— (III)
where:
Oen maximum temperature-curling stress at the edge of the slab
in the direction of slab length (x-direction), in psi.
g, = maximum temperature-curling stress in the interior of the

slab in the direction of slab length, in psi.
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g =

E =

vV =

a=

t =

maximum temperature-curling stress in the interor of the
slab in the direction of slab width (y-direction), in psi.
modulus of elasticity of the cement-treated base, in psi.
Poisson's ratio for the cement-treated base.

thermal coefficient of expansion and contraction of the
cement-treated base, in in./in./F degrees.

difference in temperature between top and bottom of the slab

in degrees F.

Cx and C.y = coefficients that relate slab length and the relative

Ly

L
Yy

L

stiffness of slab and subgrade to temperature-curling stresses.

Values of Cx and C_ in terms of L,/% and Ly/R, respectively

y
are given in Fig. 5.

= length of slab in inches.*

= width of slab in inches.*

= radius of relative stiffness, which measures the stiffness of
the slab in relation to that of the subgrade. It is expressed

by the equation:

RV
12(1 -V ) k

thickness of the cement-treated base, in inches.

the subgrade modulus, or resistance of subgrade to deformation,

in pci.

* For this procedure both Lx and Ly are 20 ft for granular materials and

10 ft for fine-grained soils.
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55. For square slabs, equations 4, 5 and 6, simplify to equation

(II1-7) for edge stresses, and to equation (III-8) for interior stresses:

, = CEat (111-7)
e 2

_Eat C
Gi = ) (III-B)

56. As the maximum value of the coefficient, C, is approximately
equal to one, the maximum possible warping stresses can be simply
calculated from the following:

For edge stresses:

Eat

Oe = _2_ (111-9)
For interior stresses:
_ Eat -

57. Using equations (I11-9) and (I11-10) will provide the upper
bound temperature stresses, while equations (III-4) to (III-6) or
equations (III-7) and (III-8) will permit computation of the actual
stresses developed. I[f the temperature stresses determined using
equations (III-9) and (III-10) are acceptable, there is no need to use
equations (III-4) - (III-7).

58. In these equations the temperature differential may be

determined from the Barber solution (Appendix A) for the particular
environment in which the design is being developed. The differential to

be used is that which will produce a tensile stress in the bottom of the

31
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the slab which may be additive to the traffic stress. This will occur
for the situation where the top of the slab is warmer than the bottom.
59. As noted above if the designer wishes to use equations (III-4)
through (III-7) it is necessary to have a measure of the modulus of
subgrade reaction, k. The quantity can be estimated from the following

expression (equation D1, Appendix D):

' k = (pci) = 0.0565 E (psi)

Appendix D contains some discussion illustrating the validity of such

a relationship.

Distress Characteristics(Block 8)

Fatigue response

60. In this design procedure, cracking of the pavement siab due
to repetitive traffic loading (termed fatigue) is the principal design
criterion. Appendix E contains a series of analyses which indicate that
the tensile strain in the cement-stabilized layer is the governing
factor in the thickness selection process for the type of pavement structure
considered herein,

61. The strain vs repetitions to failure relationship used for the
design procedure is shown in Fig. 6. Analyses of various data (Appendix E)
indicate this to be a reasonable relationship for design purposes.

Fracture characteristics

62. Although the thermal stresses are not used for fatigue life

determination, they must still be calculated to insure that the combination
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of the maximum tensile thermal stress and the maximum traffic stress
do not exceed the flexural strength of the cement-treated base. If
the flexural strength is exceeded, the base could crack under one load
application. To avoid the necessity of performing flexural strength
tests, the following equation relating flexural strength to unconfined

compressive strength (Mitchell et al, 1973) is recommended for use.

:
E
4
4
P
[
i
:
!
F

Figs. 7 and 8 contain data on which the relationship is based.

£ =0.5 (uc)0-88 (I11-11)

;
|
i
i

o e
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SECTION IV: DESIGN FROCEDURE
Description

63. The design procedure incorporates the material presented in
the previous section and utilizes the step-by-step procedure listed
below. Essentially it consists of two phases, the first being the
selection of a thickness adequate to prevent fatigue in the cement-
stabilized layer and the second a check to insure that the combination
of load and thermal stress will not crack the stabilized layer.

a. Select a thickness adequate to preclude fatigue in the cement-

treated layer.

(1) After choosing the design 1ife of the road or airfield
in terms of number of load repetitions obtain the
corresponding tensile strain from the fatigue curve in
Fig. 6.

(2) With this tensile strain, the modulus of the subgrade and
cement-treated base, and the traffic load (Table 2) determine
the thickness of the cement-treated base from the appropriate
design curves (Figs. 9 - 16)*. To account for edge load-

ing effects use the appropriate scale on the ordinate.**

* Appendix F contains a brief description of the development of the design

charts.
** The ordinates labeled edge in Figs. 9 - 16 are 1.5 times those labeled

interior, the reason for this having been discussed in Section III.
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Fig. 25.

will

(1)

(2)

(3)

(4)

b. Checx to ascertain whether the load stress plus thermal stress

exceed the fracture strength of the stabilizer layer.
Determine the flexural stress due to traffic loading from
Figs. 17 - 24,

Calculate the thermal stresses that will constitute the most
severe conditions expected.

Add the thermal stress calculated in Step 2 with the

traffic stress from Step 1.

Compare the combined stresses with the flexural strength of
the base material. If the flexural strength is greater than
the combined stresses, the thickness of cement-treated base
is adequate. If note, increase the thickness and recheck the
combined stress.

Comparison with Existing Procedures

64. To assess the reasonableness of the proposed procedure, thicknesses

selected for highway loading conditions have been compared with a few of
the procedures summarized in Appendix G. For convenience, only an 18,000 1b
axle load and one subgrade stiffness (CBR = 2.5, E = 3750 psi) were con-

Results are summarized in Table 6 and in Fig. 25.

65. In the Asphalt Institute method, the thicknesses of asphalt

concrete were converted to equivalent thicknesses of cement-treated
materials and variations with repetitions of traffic are shown in
In making these conversions a substitution ratio of 1.2 in.

of cement-treated base equal to 1.0 in. of asphalt concrete was used*.

*See footnote next page.
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66. With the Shell procedure, two conditions were selected: one
for the all-asphalt concrete case, the other for the condition which
would tend to maximize the use of untreated aggregate. Again by using
substitution ratios for asphalt concrete and untreated aggregate base*,
a range of thicknesses were obtained; these also are shown in Fig. 25.

67. To use the proposed design procedure allowable strain values
were obtained from Fig. 6 and the thicknesses of cement-treated material
were determined using the design curves of Figs. 9 - 16. Since the
substitition ratios reported for highway loading conditions correspond
to relatively high quality treated materials, only stiffnesses of
1 x 106 psi and 3 x 106 psi were used for the design based on the
procedure presented herein. The resulting thicknesses are also shown
in Fig. 25.

68. It will be noted that the thicknesses determined by the proposed
procedure bound the results determined from the Shell and Asphalt
Institute methods. While this is not conclusive proof for the validity
of the design procedure it does indicate that the results are reasonable
in the engineering sense for highway loadings.

* Substitution ratios of 1.2 in.of cement-treated base for 1.0 in. of
asphalt concrete and 1.7 in. of granular base for 1.0 in. of cement-
treated base represent average values used in practice (AASHO, 1961;

State of California, 1964).
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60. Comparisons of thicknesses determined by this procedure with

those developed from the WES test sections for airfield loadings

L indicate that the design charts provide very conservative estimates.
This, it must be emphasized, is related to the distress criterion used -
in this case initial cracking.

70. Recognizing such limitations and the fact that such a design

LR e Ty Lol

procedure can be modified as improved distress criteria become available,
the proposed procedure has considerable advantage when compared to

) existing methodology since actual properties of the cement-stabilized
soil layer can be utilized within a reasonable engineering framework.

Future Modifications

71. It must be emphasized that the procedure presented herein is

A S WO e
e

i applicable to a pavement consisting of a cement-stabilized soil layer

i resting on an untreated subgrade. If a wearing surface is included,
(e.g., a surface treatment on a thin asphalt bound layer), it is assumed
to offer no structural stiffness to the section.

72, 1t is possible to extend this procedure to consider a three-

e W ROy

layer system with an asphalt concrete surface layer which offers

T P e T P A T s

structural capabilities (Monismith et al, 1970). When an asphalt

concrete layer is included, however, temperature has a significant

A A T e e

influence on the streses and deformations resulting from traffic
loadings since the stiffness characteristics of asphalt concrete

depend on temperature. This presents no difficulties since, as already

seen, pavement temperatures can be estimated from weather data (Appendix A);

accordingly such effects could be included in the design procedure.
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73. The linear summation of cycle ratios concept (Appendix E)
permits design of the pavement structure for mixed traffic conditions
rather than for a specific wheel load. Its inclusion would thus
appear to be a step forward. This same cumulative damage hypothesis
will also be useful for analyzing pavements with thick asphalt-bound
surface layers since it permits inclusion of a more realistic assessment
of environmental influences; that is, different stresses (or strains)
resulting from changed asphalt concrete stiffnesses can be summed
throughout the year.

74. Use of the modified Goodman diagram (Appendix E) in the
design process to consider the superposition of steady state stresses
on the fluctuating stresses caused by traffic loading would also appear
to be a worthwhile modification.

75. Relative to the distress criteria, only one fatigue curve
has been included. It is probable that different materials will
exhibit different response characteristics and that various treatment
levels for the same material would result in a series of fatigue
curves. Inclusion of such data, however, only awaits their development.

76. Asphalt-stabilized or lime-stabilied materials can also be
included in the design procedure. Presumably lime-treated materials
could be analyzed in a manner similar to the cement-treated materials
described herein; it would be necessary, however, to have the necessary
stiffness and fatigue characteristics for such materials. The same data

will be required for asphalt-treated materials. For such materials,
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as noted above, temperature effects are significant and must therefore
be included in the design procedure. Guides, however, for such method-

ology already exist (Monismith et al, 1970).
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TABLE 2 CHARACTERISTICS OF THE LOADS USED
FOR THE DEVELOPMENT OF THE DESIGN CURVES

Representative Maximum Single-Axle
Vehicles Load Tire Pressure
(Truck or Aircraft) 1b, Configuration p.s.i.
Roads

Military Cargo Trucks|13,000 with single

up to 5 tons wheel -- 70

Military Cargo Trucks|{15,000 with dual

up to 5 tons wheels 12 in. c-c 70

Conventional Single |18,000 with dual

Axle Load wheels 12 in. c-c 80

Airfields

AC-1* 10,000 (single -- 35

A0-1* wheel)

Ul1-A

L-Series

C-130* 40,000 (single 60 in. c-c, 50

C-131 tandem) 400 sq. in.

C-119 contact area

C-123

F-100 Series

C-124* 94,000 (twin 44 in. c-c, 75
tandem) 630 sq. in

contact area

KC-135 134,000 (twin 60" x 36" 134
tandem)

C-14 144,700 (twin 48" x 32.5" 172
tandem)

Boeing 747 162,000 (twin 64" x 46" 207
tandem)

* Critical aircraft for which the gear load, configuration and tire

pressure are given.
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TABLE 3 APPROXIMATE RELATIONSHIP BETWEEN
ELASTIC MODULUS AND THE FAA SOIL CLASSIFICATION*

— s s
FAA Classification psi KN/M
F10 5,500 | 37,900
F9 6,500 | 44,800
F8 7,700 | 53,100
F7 8,900 | 61,400
F6 10,800 | 74,500
F5 12,600 | 86,900
F4 14,600 | 100,700
. F3 16,600 | 114,500
: F2 19,900 | 137,200
F1 22,700 | 156,500
i Fa 31,000 | 213,700

* After the Asphalt Institute (1973).
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RELATIONSHIP BETWEEN CBR AND FAA SUBGRADE CLASS*

TABLE 4

* After FAA (1973)

Subgrade Class CBR
F10 3.5
F9 4.5
F8 5.5
F7 6.5
F6 745
F5 8.5
F4 10
F3 12
F2 14.5
F1 18
Fa 20
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TABLE 5 SUMMARY OF DATA

ON COEFFICIENT OF THERMAL EXPANSION OF HARDENED CEMENT-TREATED SOIL*

Description of Soil

Cement Content

Coefficient of
Thermal Expansion

(in./in. deg F) x 1076

Sandy loam
Silty loam
Silty clay loam
Loam

Sand-shell
Sandy loam (A-2)
Silty clay loam
Clay (A-6-7)

Several types

2.5 to 10%
2.5 to 10%
2.5 to 10%
2.5 to 10%
2.8 sks/cu yd

8%

145

12%

Not given

4.5 to 5.8
4.1 to 5.6
3.9 to 6.1
4.6 to 6.3
3.5
6.9
6.2
5.7
5.1 to 8.7

* (Highway Research Board, 1961)
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